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NVP-AUY922 (AUY) is a potent inhibitor of heat shock protein 90 (HSP90). Whether this compound can
exert additional effects on membrane ion channels remains elusive. We investigated the effect of AUY on
ion currents in human pancreatic duct epithelial cells (PDECs), including PANC-1 and MIA PaCa-2. AUY
increased the amplitude of the Kþ current (IK) in PANC-1 cells shown by whole-cell conﬁguration. Single-
channel recordings revealed a large-conductance Ca2þ-activated Kþ (BKCa) channel in PANC-1, but not in
MIA PaCa-2. In cell-attached mode, AUY increased the probability of BKCa channel opening and also
potentiated the activity of stretch-induced channels. However, other HSP inhibitors, 17-AAG or BIIB021
only slightly increased the activity of BKCa channels. In inside-out recordings, sodium hydrosulphide or
caffeic acid phenethyl ester increased the activity of BKCa channels, but AUY did not. We further eval-
uated whether conductance of Ca2þ-activated Kþ channels (IK(Ca)) inﬂuenced secretion of HCO3 and ﬂuid
in PDECs by using a modiﬁed Whitcomb-Ermentrout model. Simulation studies showed that an increase
in IK(Ca) resulted in additional secretion of HCO

3 and ﬂuid by mimicking the effect of AUY in PDECs.
Collectively, AUY can interact with the BKCa channel to largely increase IK(Ca) in PDECs.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological
Society. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
AUY (NVP-AUY922; AUY922), an isoxazole resorcinol (Fig. 1), is
recognized as a highly potent inhibitor of heat shock protein 90
(HSP90). HSP90 is a chaperone protein that plays a role in the
modiﬁcation of various proteins that have been implicated in
oncogenesis (1e3). AUY has recently exhibited promising activity in
preclinical testing against several different tumor types including, National Cheng Kung Uni-
Tainan City 70101, Taiwan.
er Research, National Health
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rmacological Society.
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d/4.0/).pancreatic cancers (1,2,4,5). However, whether this compound acts
by other mechanisms in addition to its inhibition of HSP90 remains
largely unknown.
PANC-1 and MIA PaCa-2 cells, commonly used for studies of
epithelial transport, are also established models for investigation of
pancreatic diseases, such as pancreatic adenocarcinoma and
pancreatitis (6). Because freshhumanpancreatic ducts are difﬁcult to
obtain for physiological or pharmacological studies, these cell lines
have become increasingly important in serving asmodels for human
pancreatic duct epithelium. Previous reports have demonstrated the
existence of ion channels inpancreatic ductal epithelial cells (PDECs)
including Ca2þ-activated Kþ (KCa) channels (7e10). In PDECs, the
activityof theseKCa channels has an impact on secretionofHCO3 and
ﬂuid (8e11). Deletion of the genes encoding these channels in mice
revealed loss of function in acinar cells and salivary glands (12). In-
formation is limited regarding the electrophysiological and phar-
macological properties of PDECs, although a previous report showed
the presence of anion channels in Capan-1 PDECs (13).nese Pharmacological Society. This is an open access article under the CC BY-NC-ND
Fig. 1. Chemical structure of NVP-AUY922 (AUY; 5-[2,4-dihydroxy-5-isopropylphenyl]-
N-ethyl-4-[4-(4-morpholinylmethyl)phenyl]-3-isoxazolecarboxamide).
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(maxi-K, KCa1.1, KCNMA1, Slo1) possess the largest single-channel
conductance of all Kþ selective channels, which are synergisti-
cally activated by membrane depolarization and/or elevation of
cytosolic Ca2þ (14). These pharmacologically promiscuous channels
are expressed in many cell types including PDECs, which can be
stimulated by a chemically diverse range of small molecule drugs
(8,11,14,15). Notably, there is growing evidence that shows their
involvement in tumor-associated processes such as cell prolifera-
tion and migration (16,17).
Therefore, the purpose of this work was to evaluate whether
AUYexerts some effects on ion currents in two pancreatic cell lines,
PANC-1 and MIA PaCa-2. Other HSP90 inhibitors, such as 17-AAG
and BIIB021, were tested for comparison with AUY.2. Materials and methods
2.1. Cell preparations
PANC-1(BCRC-60284; Bioresources Collection and Research
Center, Hsinchu, Taiwan; derived from ATCC CRL-1469) and MIA
PaCa-2 (BCRC-60139; Bioresources Collection and Research Center,
Hsinchu, Taiwan; derived from ATCC CRL-1420), were used in this
study. PANC-1 cells were grown in RPMI 1640 medium supple-
mented with 10% (v/v) fetal bovine serum (FBS) and 2 mM L-
glutamine. MIA PaCa-2 cells were grown in Dulbecco's modiﬁed
Eagle's medium (DMEM) containing 4 mM L-glutamine, 10% (v/v)
FBS, and 2.5% (v/v) horse serum (6). A549, a human type II alveolar
epithelial cell line obtained from the Bioresources Collection and
Research Center (BCRC-60074; Hsinchu, Taiwan) was maintained in
DMEM (Invitrogen, Carlsbad, CA) supplemented with 10% FBS and
2 mM L-glutamine. All cells were grown in a humidiﬁed incubator
containing 5% carbon dioxide at 37 C. Cell viability was routinely
evaluated using a WST-1 cell proliferation assay and an ELISA
reader (Dynatech, Chantilly, VA).2.2. Western blot analysis
Equal amounts of protein were loaded into SDS-polyacrylamide
gels (10%). Proteins were wet-transferred to polyvinylidene
diﬂuoride (PVDF) membranes, which were blocked with milk and
then incubated overnight with anti-KCa1.1 antibody (1:1000)
(Alomone Labs, Jerusalem, Israel) at 4 C. After washing with
phosphate-buffered saline with Tween (PBST), the membrane was
incubated with horseradish peroxidase-linked secondary antibody
(1:2000) for 1 h at room temperature. Bands were visualized usingenhanced chemiluminescence (Amersham Biosciences, England,
UK) and quantiﬁed by scanning densitometry (Scion).
2.3. Electrophysiological measurements
Cells (PANC-1, MIA PaCa-2 and A549) were dissociated and an
aliquot of cell suspension was transferred to a recording chamber
mounted on the stage of an inverted CKX-41 microscope (Olympus,
Tokyo, Japan). Examined cells were bathed at room temperature in
normal Tyrode's solution (in mM): 136.5 NaCl, 5.4 KCl, 1.8 CaCl2,
0.53 MgCl2, 5.5 glucose, and 5.5 HEPES-NaOH buffer, pH 7.4. Patch
pipettes were made from Kimax-51 glass capillaries (Kimble,
Vineland, NJ) using a vertical PP-830 puller (Narishige, Tokyo,
Japan) and their tips were ﬁre-polished with an MF-83 microforge
(Narishige). The pipettes had a resistance of 3e5 MU when
immersed in normal Tyrode's solution. Current recordings were
made using the patch-clamp technique in either whole-cell, cell-
attached, or inside-out conﬁguration with an RK-400 patch-clamp
ampliﬁer (Bio-Logic, Claix, France) (18,19). All liquid junction po-
tentials, which develop at the tip of the electrode when the
composition of the internal solution differed from that in the bath,
were corrected for in these experiments.
To induce membrane stretch, the membrane tension of the
PDEC was altered by applying pressure with a calibrated syringe to
the back end of the recording electrode through the suction port of
the electrode holder (19,20). Negative pressure was continuously
monitored with a pressure manometer (PM01R; World Precision
Instruments, Sarasota, FL).
2.4. Data recordings and analyses
Data acquisition and analyses were controlled by pCLAMP 9.2
(Molecular Devices, Sunnyvale, CA). Current signals were low-pass
ﬁltered at 1 or 3 kHz. The data were sampled online in a
TravelMate-6253 laptop computer (Acer, Taipei, Taiwan) at 10 kHz.
The pCLAMP-generated voltage proﬁles with either rectangular or
ramp pulses were used to evaluate currentevoltage (IeV) re-
lationships for ion currents (e.g., IK). The signals were analyzed by
Origin 8.0 (OriginLab, Northampton, MA), LabChart 7.0 (PowerLab
Software; AD Instruments, Castle Hill, Australia), or custom-made
macros built in an Excel 2010 spreadsheet running in Windows 7
(Microsoft, Redmond, WA).
To calculate the concentration-dependent incremental effect of
AUY on the amplitude of IK in PANC-1 cells, each cell was held
at 50 mV. The ramp pulse from 100 to þ80 mV at a rate of
0.05 Hz was applied and current amplitudes at þ60 mV were
measured during the exposure to AUY (0.1e30 mM). The IK ampli-
tude during cell exposure to 30 mM AUY was taken as 100% and
current amplitudes at different concentrations of AUY (0.1e30 mM)
were then compared to that of 30 mM AUY. The concentration
required to stimulate 50% of the current amplitude was then
evaluated by means of the Hill function. That is,




where [C] is the concentration of AUY, Emax is the maximal increase
in IK amplitude caused by AUY, EC50 is the concentration required
for 50% stimulation, and nH is the Hill coefﬁcient.
2.5. Single-channel analyses
Single-channel currents measured in PANC-1 cells were
analyzed using pClamp software (Molecular Devices). Single-
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Gaussian distributions to the amplitude histograms of the closed
and open states. Channel activity was deﬁned as N$PO, the product
of the channel number (N) and open probability (PO). Single-
channel conductance was calculated by linear regression using
mean values of current amplitudes measured either at different
potentials or with long-lasting ramp pulses. The lifetime distribu-
tions of open and closed states were ﬁtted with logarithmically
scaled bin width.
2.6. Drugs and solutions
AUY (C26H31N3O5; 5-[2, 4-dihydroxy-5-isopropylphenyl]-N-
ethyl-4-[4-(4-morpholinylmethyl)phenyl]-3-
isoxazolecarboxamide; VER-52296; AUY922; AUY; Fig. 1) was ob-
tained from Novartis (Cambridge, MA) and caffeic acid phenethyl
ester (CAPE) was from Enzo Life Sci. (Plymouth Meeting, PA). AUY
and CAPE were prepared as 1e10 mM stock solutions in dimethyl
sulphoxide and added to the bath solution at the indicated ﬁnal
concentrations. 17-(Allylamino)-17-demethoxygeldanamycin (17-
AAG), glibenclamide, sodium hydrosulphide (NaHS) and tetrae-
thylammonium chloride (TEA) were obtained from SigmaeAldrich
(St. Louis, MO). BIIB021 (6-chloro-9-[(4-methoxy-3,5-
dimethylpyridin-2-yl)methyl]-9H-purin-2-amine) and TRAM-34
(1-((2-chlorophenyl) (diphenyl)methyl)-1H-pyrazole) were ob-
tained from Tocris (Bristol, UK), iberiotoxin, apamin and verrucul-
ogen were from Alomone Labs (Jerusalem, Israel), and 1,2-bis(2-
amino-phenoxymethyl)ethane-N,N,N0,N0-tetraacetic acid (BAPTA)
was from Invitrogen (Carlsbad, CA). THPI (4-piperidinomethyl-2-
isopropyl-5-methylphenol) was kindly provided by Professor Ai-
Yu Shen (Fooyin University, Kaohsiung City, Taiwan). All other
chemicals were commercially available and of reagent grade.
Deionized water used in all experiments was made using a Milli-Q
water puriﬁcation system (Millipore, Bedford, MA).
To record Kþ currents, the patch pipette was ﬁlled with a solu-
tion of (in mM): 130 K-aspartate, 20 KCl, 1 KH2PO4, 1 MgCl2, 0.1
EGTA, 3 Na2ATP, 0.1 Na2GTP and 5 HEPES-KOH buffer (pH 7.2). To
preclude the possibility of contamination by Cl currents (13), Cl
in the pipette solution was replaced with aspartate. In some ex-
periments, EGTA (0.1mM) in the pipette solutionwas replaced with
BAPTA (10 mM) to strongly chelate intracellular Ca2þ. To measure
voltage-gated Ca2þ currents, the patch pipette was ﬁlled with a
solution of (in mM): 130 Cs-aspartate, 20 CsCl, 1 MgCl2, 3 Na2ATP,
0.1 Na2GTP, 0.1 EGTA, and 5.5 HEPES-KOH buffer (pH 7.2).
For single-channel recordings, a high Kþ bathing solution
composition was as follows (in mM): 145 KCl, 0.53 MgCl2, and 5
HEPES-KOH buffer (pH 7.4), and the pipette solution contained 145
KCl, 2 MgCl2, and 5 HEPES-KOH buffer (pH 7.2). The free Ca2þ
concentration for this solution was determined to be 198 ± 18 nM
(n ¼ 7) using an F-2500 ﬂuorescence spectrophotometer (Hitachi,
Tokyo, Japan) with a ratiometric fura-2 measurement. The free Ca2þ
concentrationwas also calculated assuming a dissociation constant
of 0.1 mM for EGTA and Ca2þ (at pH 7.2) (http://www.stanford.edu/
~cpatton/webmaxS.htm).
2.7. Computer simulations
A model bicarbonate-secreting pancreatic duct cell was math-
ematically reconstructed with the use of a simple cystic ﬁbrosis
transmembrane conductance regulator (CFTR)-dependent duct cell
model as reported previously (21). This model was primarily built
from experimental evidence of ion channels, pumps, co-
transporters, and antiporters. In this model, IK(Ca) was considered
to be the contribution from BKCa channels, given that this type of
ion current is experimentally found in pancreatic duct epithelialcells (7,8). A model for BKCa channels was used to account for the
presence of these channels in PEDCs (22,23). Numerical in-
tegrations were performed using the Euler algorithm in the pro-
gram xpp with X-Win32 version of XPPAUT on a Hewlett Packard
(HP xw9300) Workstation (Plato Alto, CA) (24). The source code for
the model equation of BKCa channels adopted at our laboratory is
available at http://senselab.med.yale.edu/senselab/modeldb (23).
2.8. Statistical analysis
The macroscopic and single-channel current data are presented
as the mean ± standard error of the mean (SEM), with sample size
(n) indicating the number of cells examined. Paired or unpaired
Student's t-test and one-way analyses of variance with a least-
signiﬁcant difference method for multiple-group comparisons
were used for the statistical evaluation of differences among
means. To evaluate the sum of squared residuals (SSR), a 95%
conﬁdence interval (CI) was estimated with the use of Fisher's F
distribution. Differences were considered statistically signiﬁcant at
P < 0.05.
3. Results
3.1. Characterization of whole-cell Ca2þ-activated Kþ current
(IK(Ca)) in PANC-1 human pancreatic cells
In the ﬁrst series of experiments, thewhole-cell conﬁguration of
the patch-clamp technique was applied to investigate ion currents
in PANC-1 cells. To examine Kþ currents, cells were bathed in
normal Tyrode's solution containing 1.8 mM CaCl2 and the pipette
solution contained a low concentration (0.1mM) of EGTA and 3mM
of adenosine trisphosphate (ATP). As shown in Fig. 2A, when the
cell was held at 50 mV, the voltage ramp from 100 to þ80 mV
elicited Kþ currents with an outward rectiﬁcation. The direction of
these membrane currents was reversed at 75 mV. When extra-
cellular Ca2þ was removed, the amplitudes of these outward cur-
rents greatly reduced throughout the voltage step. For example,
at þ60 mV, removal of extracellular Ca2þ signiﬁcantly reduced the
current amplitude from 612 ± 15 to 102 ± 9 pA (P < 0.05, n ¼ 9).
Similarly, when EGTA (0.1 mM) in the recording pipette was
replaced with BAPTA (10 mM), the amplitudes of the outward
currents were almost completely abolished (data not shown). Thus,
these outward currents were primarily considered Ca2þ-activated
Kþ currents (IK(Ca)), which were rather small when the intracellular
Ca2þ level was reduced. In addition, no voltage-gated Naþ or Ca2þ
current was found in PANC-1 cells by our experiments (data not
shown).
3.2. Stimulatory effect of AUY on IK in PANC-1 cells
In the next experiments, we evaluated whether AUY exerts any
effects on IK in these cells. As shown in Fig. 2B, when cells were
exposed to AUY, the amplitude of IK elicited by the ramp pulse
increased. For example, at þ60 mV, AUY (3 mM) signiﬁcantly
increased the IK amplitude from 589 ± 44 to 1013 ± 59 (n ¼ 10,
P < 0.05). The AUY-stimulated IK could be reversed by verruculogen
(1 mM) or iberiotoxin (200 nM), but not by apamin (200 nM), gli-
benclamide (10 mM) or THPI (10 mM). Moreover, CAPE (10 mM) alone
could effectively increase the IK amplitude in PANC-1 cells (Fig. 2B).
Verruculogen and iberiotoxin are inhibitors of large-conductance
Ca2þ-activated Kþ (BKCa) channels (14,25), while glibenclamide
can suppress ATP-sensitive Kþ (KATP) channels, and THPI and
TRAM-34 can block intermediate-conductance Ca2þ-activated Kþ
channels (26). CAPE, a natural compound from honeybee propolis,
has been shown to stimulate the activity of BKCa channels (27,28).
Fig. 2. Activation of outward Kþ current (IK) by AUY in PANC-1 human pancreatic duct epithelial cells (PDECs). In these experiments, PDECs were bathed in normal Tyrode's solution
containing 1.8 mM CaCl2 and the patch pipette was ﬁlled with a Kþ solution as described in Materials and methods. A, Superimposed current traces in response to voltage ramp
pulses. The cell was held at 50 mV and the ramp pulses from 100 to þ80 mV with a duration of 1 s were repetitively applied at a rate of 0.05 Hz a: control; b: 3 mM AUY; c: 3 mM
AUY plus 1 mM verruculogen. Inset in A is the voltage protocol used. B, Bar graph showing summary of the effect of AUY (3 mM), AUY plus verruculogen (Verr; 1 mM), AUY plus
iberiotoxin (Iber; 200 nM), AUY plus apamin (Apa; 200 nM), AUY plus glibenclamide (Glib; 10 mM), AUY plus THPI (10 mM) and caffeic acid phenethyl ester (CAPE; 10 mM)
(mean ± SEM, n ¼ 9e13 for each bar). In the experiments with AUY plus each agent (e.g., verruculogen, iberiotoxin, apamin, glibenclamide or THPI), each compound was applied
after addition of AUY (3 mM). The IK amplitude was measured at þ60 mV *Signiﬁcantly different from control. #Signiﬁcantly different from AUY (3 mM) alone group. In this
and Fig. 2E, the number of cells examined is given in parentheses above each bar, (n). C, The relationship between the percentage increase of IK and the AUY concentration
(mean ± SEM, n ¼ 8e14 for each point). In this set of experiments at þ60 mV, the current amplitude during cell exposure to 30 mM AUY was taken to be 100%. The values for EC50,
Hill coefﬁcient and maximal percentage increase of IK during cell exposure to AUY were 0.688 mM, 1.4 and 100%, respectively. Inset in C indicates conﬁdence assessment of besteﬁt
parameter values. The parameter range between 0.6766 and 0.7002 corresponds to the approximate 95% conﬁdence intervals. Horizontal line marks the parameter value (i.e., EC50)
at which the sum of squared residuals (SSR) amounts to 0.7166. D, Effects of dibutryl cyclic AMP (DBcAMP), AUY plus DBcAMP and AUY plus DBcAMP and verruculogen. Original IK
traces elicited by membrane depolarization from 50 to þ50 mV. Inset in D indicates the voltage protocol used. a, control; b, 100 mM DBcAMP; and c, 100 mM DBcAMP plus 3 mM
AUY. E, Summary of the data showing effects of DBcAMP (100 mM), DBcAMP (100 mM) plus AUY (3 mM), DBcAMP plus AUY and verruculogen (1 mM) on the amplitude of IK in PANC-1
cells. *Signiﬁcantly different (P < 0.05) between the two groups of cells.
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Fig. 3. AUY-stimulated activity of BKCa channels recorded from PANC-1 cells. A, Open/closing events of the channels were elicited by the long-lasting ramp pulse ranging between
0 and þ150 mV with a duration of 1 s, and PDECs were bathed in high-Kþ solution containing 1.8 mM CaCl2. Cell-attached recordings were made in the control (a) and after addition
of 1 mM AUY (b) and 3 mM AUY (c) to the bath. Upward deﬂections and straight red lines shown in each panel are the opening events of the channels and the level of channel
opening, respectively. Notably, despite the ability of AUY to increase the probability of channel openings, no change in single-channel conductance of these channels was clearly
demonstrated. B. Effect of AUY on membrane stretch-induced activation of BKCa channel activity in PANC-1 cells. Cells were bathed in high-Kþ solution containing 1.8 mM CaCl2. The
experiments were conducted in cell-attached conﬁguration with a holding potential of þ60 mV. Original current traces obtained in the control (upper), in the presence of
membrane stretch (middle), and in the presence of membrane stretch plus AUY (lower). During membrane stretch, a negative pressure (~5 kPa) was applied to the recording
pipette. Upward deﬂections shown in each panel are the opening events of the channels. C, Bar graph showing the effect of AUY on membrane stretch-stimulated probability of
channel openings. *Signiﬁcantly different from controls (P < 0.01). The number of cells examined is given in parentheses above each bar, (n).
N.-J. Chiang et al. / Journal of Pharmacological Sciences 127 (2015) 404e413408We next determined the relationship between the AUY concen-
tration and the increasing percentage of IK. As illustrated in Fig. 2C,
AUY (0.3e30 mM) increased the amplitude of IK in a dose-
dependent manner. The half-maximal concentration required for
the stimulatory effect of AUY was 0.688 ± 0.003 mM. The SSR plot
shown in the inset of Fig. 2C indicates a horizontal line at
SSR¼ 0.7166, whichwas used to determine the two EC50 values. For
a 95% conﬁdence interval, the lower and upper values were then
calculated to be 0.6766 and 0.7002 mM, respectively. Notably, there
was a steep slope on both sides of the minimum, suggesting that
the EC50 value for AUY-stimulated IK was determined with high
conﬁdence. Therefore, these results lead us to conclude that AUY
has a stimulatory effect on IK in PANC-1 cells, and the AUY-
stimulated IK is referred to as verruculogen- or iberiotoxin-
sensitive IK(Ca).
3.3. Effect of AUY on the stimulation of IK by dibutyryl cyclic-AMP
(DBcAMP)
Previous studies have demonstrated that DBcAMP, a non-
degradable cAMP analog, increases the opening probability of
BKCa channels in PDECs (7). We therefore examined the effect of
AUY on the DBcAMP-mediated increase of IK in PANC-1 cells.
Consistent with previous observations (7), when the depolarizingpulse from 50 toþ50 mVwas applied to the cell, the amplitude of
IK signiﬁcantly increased from 287 ± 21 to 405 ± 34 (n ¼ 11,
P < 0.05) by the addition of DBcAMP (100 mM), as illustrated in
Fig. 2D and E. Interestingly, even though DBcAMP (100 mM)
mimicked saturating amount of intracellular cyclic AMP, subse-
quent application of AUY (3 mM) further increased the amplitude of
IK to 711 ± 51 (n¼ 9, P < 0.05). During cell exposure to DBcAMP and
AUY, the amplitude of IK was signiﬁcantly inhibited by the addition
of verruculogen (1 mM). The AUY-mediated increase in IK in PANC-1
cells thus arises from activation of BKCa channels and appears to be
independent of the intracellular concentration of cAMP.
3.4. Stimulatory effect of AUY on the activity of BKCa channels in
PANC-1 cells
To further elucidate how AUY acts on IK(Ca), its effects on the
activity of single BKCa channels were investigated in PANC-1 cells.
In our experiments, the activity of BKCa channels as determined by
the use of single-channel current recordings was clearly demon-
strated. The channel with a large conductance was found to be
Ca2þ- and voltage-dependent. As shown in Fig. 3A, when cells were
bathed in a high-Kþ solution containing 1.8 mM CaCl2 and the ramp
pulses were repetitively applied, the addition of AUY (1 and 3 mM)
lead to an increase in the activity of the BKCa-channel, which
Fig. 4. Bar graph showing effects of AUY (3 mM), BIIB021 (3 mM) and 17-AAG (3 mM) on
the probability of BKCa channel opening in PANC-1 cells. Cell-attached recordings were
made in which the patch pipette was ﬁlled with Kþ-containing solution, and cells were
bathed in high-Kþ solution containing 1.8 mM CaCl2. The probability of channel
opening at þ60 mV with or without addition of each agent was measured.
*Signiﬁcantly different from control. The number of cells examined is given in pa-
rentheses above each bar, (n).
N.-J. Chiang et al. / Journal of Pharmacological Sciences 127 (2015) 404e413 409displayed rapid open-close transitions (Fig. 3A). However, no dif-
ference in the single-channel conductance of BKCa channels was
demonstrated (248 ± 15 pS (control) versus 249 ± 14 pS (1 mM
AUY), n ¼ 12, P > 0.05). Taken together, these results show that in
the cell-attached conﬁguration, the activity of BKCa channels could
be detected in PANC-1 cells, and that this activity was sensitive to
stimulation by AUY.Fig. 5. Effects of AUY, sodium hydrosulphide (NaHS) and caffeic acid phenethyl ester
(CAPE) on BKCa channel activity in PANC-1 cells. In these experiments, inside-out re-
cordings were made and the probability of channel openings at þ60 mV was measured
with or without addition of each agent to the bath containing 0.1 mM Ca2þ. A, Original
single-channel current traces obtained in the control and during exposure to AUY,
NaHS (100 mM) or CAPE (10 mM). B, Summary of the data showing effects of AUY, NaHS
(100 mM) or CAPE (10 mM) on BKCa-channel activity in PANC-1 cells. *Signiﬁcantly
different from control. #Signiﬁcantly different from NaHS alone group. $Signiﬁcantly
different from CAPE alone group. The number of cells examined is given in parentheses
above each bar, (n).3.5. Effect of AUY on membrane stretch-induced increase in BKCa-
channel activity in PANC-1 cells
PDECs can readily change cell volume by secretion of HCO3 and
ﬂuid (21,29). Membrane stretch was previously reported to inﬂu-
ence BKCa channel activity in vascular smooth muscle cells (18). We
therefore tested whether membrane stretch would increase the
probability of channel openings during PDEC exposure to AUY. As
shown in Fig. 3B and C, the results indicate that membrane stretch
induced with an abrupt application of negative pressure (~5 kPa)
can signiﬁcantly enhance the activity of BKCa channels, while this
manoeuvre does not alter the single-channel conductance. These
ﬁndings led us to propose that the BKCa channel may in part ac-
count for stretch-induced cellular effects of PEDCs in vivo. Appli-
cation of AUY was found to elevate the probability of BKCa channel
opening in these cells, in addition to the effect of AUY on HSP90
inhibition. The magnitude of AUY-induced channel activity also
increased as membrane stretch (~5 kPa) was applied to the patch.
Therefore, the BKCa channels functionally expressed in PANC-1 cells
tend to exhibit mechanosensitive properties similar to those pre-
viously described in vascular smooth myocytes or in lung alveolar
epithelial cells (18,20).3.6. Effects of AUY, BIIB021 and 17-AAG on the activity of BKCa
channels in PANC-1 cells measured in cell-attached recordings
Because AUY is an inhibitor of HSP90 (1e4), we further evalu-
ated whether other HSP90 inhibitors, such as BIIB021 and 17-AAG
exert any effects on the activity of BKCa channels in PANC-1 cells(1,30). As shown in Fig. 4, when the cells were exposed to AUY
(3 mM), the probability of BKCa channel opening at þ60 mV signif-
icantly increased to 0.112 ± 0.009 versus the control value of
0.042 ± 0.003 (n ¼ 10, P < 0.05). The probability of BKCa channel
opening after AUY treatment was also signiﬁcantly higher than
after BIIB021 (3 mM) exposure, which resulted in a probability of
0.087 ± 0.004. Therefore, we conclude that AUY is more effective at
stimulating the activity of BKCa channels than BIIB021 or 17-AAG in
PANC-1 cells.
3.7. Effects of AUY, NaHS and CAPE on BKCa-channel activity under
inside-out recordings
NaHS and CAPE were previously reported to interact directly
with the BKCa channel to stimulate IK(Ca) (14,27,28,31). We further
examined whether AUY, NaHS or CAPE has any effects on the ac-
tivity of BKCa channels observed in PANC-1 cells. In these experi-
ments, PANC-1 cells were bathed in symmetrical Kþ concentrations
Fig. 6. Effect of AUY and AUY plus tetraethylammonium chloride (TEA) on IK in MIA
PaCa-2 PDECs. In these experiments, cells were bathed in normal Tyrode's solution and
the recording pipette was ﬁlled with Kþ-containing solution. The cell was held
at 50 mV and the ramp pulse from 80 to þ30 mV (as indicated in the Inset) was
repetitively applied at a rate of 0.01 Hz a: control; b: AUY (3 mM); c: AUY (3 mM) plus
TEA (1 mM).
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out conﬁguration, each cell was held atþ60mV. As AUY (3 mM)was
applied to the bath, BKCa channel activity remained unchanged
(0.035 ± 0.002 (control) versus 0.034 ± 0.002 (AUY), n ¼ 10,
P > 0.05). Conversely, when either NaHS (100 mM) or CAPE (10 mM)
was applied to the bath, the probability of channel openingFig. 7. Immunoblot of BKCa channels in PANC-1 and MIA PaCa-2 cells. A, the left and
lanes show the presence of the a-subunit of BKCa channels (~120 kDa) in PANC-1 cells
and MIA PaCa-2 cells, respectively. B, Summary of the data showing the relative
expression (i.e., normalization to b-actin) of BKCa-channel a-subunit in PANC-1 and
MIA PaCa-2 cells. Each bar indicates the mean ± SEM (n ¼ 4). *Signiﬁcantly different
from the results from PANC-1 cells, p < 0.05.signiﬁcantly increased to 0.095 ± 0.004 (n ¼ 9, P < 0.05) and
0.121 ± 0.006 (n ¼ 8, P < 0.05), respectively. Moreover, subsequent
addition of verruculogen (1 mM) could effectively reverse BKCa
channel activity stimulated by NaHS or CAPE. Therefore, as shown
in Fig. 5, the activity of BKCa channels expressed in PANC-1 cells is
sensitive to stimulation by NaHS or CAPE, although AUY did not
increase the probability of channel openings in inside-out
recordings.
3.8. Effect of AUY on IK in MIA PaCa-2 cells
We next investigated whether AUY has any effect on IK in
another type of PDEC. In this set of whole-cell experiments, MIA
PaCa-2 cells were bathed in normal Tyrode's solution and the
recording pipette was ﬁlled with a Kþ-containing solution. The IK
was elicited when the ramp pulse from 80 to þ30 mV was
repetitively applied with a duration of 1 s. Surprisingly, as shown in
Fig. 6 3 mM of AUY did not cause any signiﬁcant effect on IK. How-
ever, subsequent application of tetraethylammonium chloride
(TEA; 1 mM) in the presence of AUY signiﬁcantly suppressed the
amplitude of IK. Similarly, in single-channel recordings, there was
no detectable BKCa channel activity in MIA PaCa-2 cells (data not
shown). Therefore, unlike PANC-1 cells, MIA PaCa-2 cells were
unresponsive to stimulation by AUY.
3.9. Immunodetection of BKCa channels in PANC-1 cells
To verify that the channel proteins were present in these cells,
we also performed Western blots using an antibody against the
BKCa channel a-subunit. The results showed much more amount of
a-subunit of BKCa channels protein in PANC-1 cells than in MIA
PaCa-2 cells after normalization to b-actin (Fig. 7). Positive control
in Western blots using pituitary GH3 cells also revealed the pres-
ence of this band (data not shown).
3.10. Effects of AUY on HCO3
 and ﬂuid secretion in a model of PDECs
In order to explore how AUY affects HCO3 and ﬂuid secretion in
PDECs, a cell model designed to mimic the functional activity of
PDECs was computationally generated in this study. The modeled
PDEC was detailed in Materials and methods (21). As shown in
Fig. 8, when the CFTR conductance (gCFTR) was arbitrarily raised
from 7e-5 to 0.005, an increase in HCO3 and ﬂuid secretion was
noted in the control (left panel), along with a decrease in cytosolic
Cl. As the value of gK(Ca) (i.e., 0.05) was applied in the modeled
PDEC to mimic the effect of AUY, ﬂuid secretion together with the
rate of HCO3 secretion (i.e., the plateau level) was also increased
(right panel). Notably, as compared with that in the absence of
gK(Ca), the luminal HCO

3 concentration reaches the peak concen-
tration of >80 mM more quickly when gK(Ca) is included. These
results indicate that the change in the activity of BKCa channels may
play a role in the secretion of HCO3 and ﬂuid during activation of
gCFTR (10).
4. Discussion
In this study, we described a BKCa channel in PANC-1 cells. The
single-channel conductance of BKCa channels in these cells was
248± 15 pS (n¼ 15), whichwas similar to that previously described
in PDECs, alveolar epithelial cells and vascular smooth muscle cells
(7,8,20,32), but much greater than those of small- or intermediate-
conductance Ca2þ-activated Kþ channels (9,26). Similar to previous
report in normal PDECs (7), the BKCa channel was sensitive to
stimulation by DBcAMP, in addition to depending on membrane
depolarization and/or increased intracellular Ca2þ. Western
Fig. 8. Effect of gK(Ca) on changes in luminal HCO3 secretion, level of cytosolic Cl
, membrane potential and ﬂuid ﬂow in simulated PDEC. The formula was originally based on the
model of Whitcomb and Ermentrout (21) in which the conductance of Ca2þ-activated Kþ channels (gK(Ca)) was incorporated. The left and right panel were the conditions of without
gK(Ca) and with gK(Ca) application, respectively in a modeled PDEC. The value of gK(Ca) was arbitrarily set at 0.05. Horizontal bars shown in the upper part represent that the
conductance of CFTR (gCFTR) is increased from 7e-5 to 0.005.
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subunit in PANC-1 cells than that in MIA CaPa-2. A previous report
has also shown that intraperitoneal injection of MIA PaCa-2 cells
into SCID mice could produce tumors more quickly than PANC-1
cells (6). Loss of activity of BKCa channels in MIA PaCa-2 cells may
block further differentiation, which was linked to proliferative or
neoplastic activities (28).
Our results indicated that the outward current stimulated by
AUY in PANC-1 cells was less likely to arise from activation of KATP
channels. Explanations for these ﬁndings are shown in the
following: (1) the AUY-induced increase of outward currents was
not altered by application of glibenclamide (a blocker of KATP
channels) (19), (2) it was sensitive to inhibition by verruculogen (a
potent inhibitor of BKCa channels), but not by THPI or TRAM-34
(25), and (3) the increased activity of AUY-induced BKCa channel
was reversed by subsequent addition of verruculogen. Taken
together, these results indicate that the BKCa channel may func-
tionally express in PANC-1 cells, but not in MIA PaCa-2 cells.
The EC50 value of AUY to stimulate IK in PANC-1 cells is 0.688 mM,
which is higher than that used to inhibit the activity of HSP90 [1, 4].
Any changes of IK(Ca) stimulated by AUY in PDECs depend on not
only the AUY concentration, but also membrane potential, intra-
cellular concentration of Ca2þ and cell volume. The working con-
centration of AUY required for inhibition of HSP90 is around
0.01 mM, indicating the observed effects by AUY in present study are
likely to occur at the range of achievable concentration in humans
(1,4). Notably, during PANC-1 cells' exposure to AUY, the amplitude
of IK measured inwhole-cell conﬁguration increased greatly within
1 min. Additionally, subsequent addition of AUY in the continued
presence of DBcAMP further increased the IK amplitude. In PANC-1cells, AUY-stimulated IK was abolished by dialyzing with high
BAPTA (10 mM). However, in inside-out conﬁguration, AUY applied
to the bath did not exert a stimulatory effect on BKCa channel ac-
tivity in PANC-1 cells or produce any effects on activity of IK or BKCa
channel in MIA PaCa-2 cells. Taken together, these results led us to
conclude that AUY could increase intracellular Ca2þ, leading to
activation of BKCa channels in PANC-1 cells and that AUY is exerting
stimulatory effect on BKCa channels beyond the range of inhibiting
HSP90 in these cells.
Our results show that in PANC-1 cells, membrane stretch could
enhance the activity of BKCa channels, but did not alter the single-
channel conductance of these channels. These data suggest that the
BKCa channel may partially play a role of stretch- or volume-
induced cellular effects in PDECs in vivo. AUY could increase the
probability of channel openings in PANC-1 cells and the magnitude
of AUY-induced channel activity when membrane stretch (~5 kPa)
was applied. Therefore, during an increase in tensile strength of the
pancreatic duct, slight depolarization, increased resting intracel-
lular Ca2þ, and membrane stretch may simultaneously contribute
to the opening of BKCa channels in PDECs. Thus, the BKCa channel
enriched in PANC-1 cells exhibits a mechanosensitive property as
described in vascular smooth myocytes and A549 alveolar epithe-
lial cells (18,20).
AUY is a potent and efﬁcacious compound in suppressing the
activity of HSP90 (1e3). In our study, both 17-AAG and BIIB021were
found to increase the probability of BKCa channel opening. How-
ever, because of its rapid action as observed in our experimental
conditions, the interaction of AUY with BKCa channels to stimulate
IK in PANC-1 cells is less likely linked to the activity of HSP90. It is
thus possible that activation of BKCa channels is an ancillary effect
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enhanced by 17-AAG and BIIB021, the chemical structures of 17-
AAG, BIIB021 and AUY922 are different. However, all these three
compounds could inhibit HSP90. Therefore, we can't deﬁnitely
conclude that AUY-induced IK is independent of HSP90 inhibition
based on this study.
A recent study showed a pro-nociceptive role for pancreatic
NaHS/H2S, possibly through its effects on T-type Ca2þ channels (33).
We were unable to detect voltage-gated Ca2þ or Naþ currents in
both PANC-1 and MIA PaCa-2 cells. However, we did demonstrate
that in inside-out recordings, NaHS applied to the intracellular
surface of the excised patch enhanced the activity of BKCa channels
in PANC-1 cells, as has been described in pituitary cells (31). The
BKCa channel could be a key target for H2S because this volatile
molecule may protect against gastric mucosal injury induced by
nonsteroidal anti-inﬂammatory drugs (34). In addition, the present
results demonstrated that CAPE could increase BKCa channel ac-
tivity in PANC-1 cells and the effects of AUY in PDECs are associated
with BKCa channel activity (35e37). Verruculogen, an inhibitor of
BKCa channels, may alter electrical properties of PDECs as reported
in nasal epithelial cells (38).
In our study, AUY is effective only in the whole-cell or cell-
attached conﬁguration, but not in the inside-out conﬁguration.
Intracellular BAPTA, a Ca2þ chelator, can suppress the ability of AUY
to increase whole-cell outward Kþ current. These results strongly
suggest that intracellular Ca2þ is a missing link for the effect of AUY
on BKCa channels in PANC-1 cells. It is unclear whether this com-
pound releases intracellular Ca2þ from internal stores or mediates
other Ca2þ inﬂux through the plasmamembrane. HowAUY leads to
increase intracellular Ca2þ level or other signaling molecules that
act on the cytoplasmic side to directly open the BKCa channels, also
remains to be further explored.
Based on our simulation study, when gK(Ca) was applied into the
modeled PDEC, the secretion of both HCO3 and ﬂuid will increase
along with values of gCFTR. This effect could be partially explained
by the fact that the electrochemical driving force for HCO3 secre-
tion and ﬂuid secretion is maintained by the exit of Kþ from PDECs
(10e12). Consequently, as AUY was applied to PDECs in vivo, the
functional activity of these cells increased. It is thus possible that
activation of BKCa channels could increase the electrochemical
driving force for ion secretion in PDECs, as these channels are
important targets of modiﬁcation by AUY and structurally or bio-
logically similar compounds. During exposure to these agents, the
secretion of HCO3 and ﬂuid, along with simultaneous changes in
membrane potential, can be altered in human PDECs in vivo (8).
In conclusion, we clearly identiﬁed functional expression of BKCa
channels enriched in PANC-1 cells, but not in MIA PaCa-2 cells. In
PANC-1 cells, AUYexerted an additional unanticipated effect on the
Kþ outward current (IK), which was possibly independent of HSP90
inhibition. The data implied the possibility of its effects on other
cell types that express functional BKCa channels. Lastly, our data
showed that AUY can interact with the BKCa channels to increase
Ca2þ-activated Kþ current (IK(Ca)) in PDECs (39).Conﬂict of interest
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